The vacuum ultraviolet photoabsorption spectrum of 1,1-C 2 H 2 FCl has been examined in detail between 5 and 15 eV photon energy by using synchrotron radiation dispersed by three different monochromators. Quantum chemical calculations are performed to help in the analysis of the valence/Rydberg transition region centered at 7.05 eV including the 3a"(π)→π* and the 3a"(π)→3s Rydberg transitions. Interactions between states involving transitions to the 3s, 4d and σ* orbitals are identified. A vibrational analysis is proposed for the structures belonging to these transitions. For the π(3a")→π* transition, one vibrational progression is observed with ω 3 = 1410 ± 50 cm -1 and its lowest excitation energy is determined at about 6.398 ± 0.003 eV The π(3a")→3s Rydberg transition is characterized by a single progression with ω 3 = 1410 ± 80 cm -1 likely starting at about 6.45 eV. These vibrations are ascribed to the C=C stretching motion. The abundant structure observed in the spectrum between 7.8 and 10.5 eV has been analyzed in terms of vibronic transitions to ns (δ = 0.97), np (δ = 0.63 and 0.40) and nd (δ = 0.13 and -0.11) Rydberg states, which belong to series converging to the ionic ground state. The analysis of the vibrational structure of the individual Rydberg states has been attempted leading to average values of the wave numbers ω 3 = 1420 ± 20 cm -1 , ω 7 = 720 ± 50 cm -1 and ω 9 = 390 ± 50 cm -1 . Between 10.5 and 12.5 eV, nine other Rydberg states converging to the first excited state were analyzed by the same way. The vibrational structure of these Rydberg states results from the excitation of one vibrational normal mode v 7 with an average value of ω 7 = 520 ± 20 cm -1 , which is assigned to the C-Cl stretching vibration as inferred from quantum chemical calculations.
Introduction
The influence of the position and nature of the substituent(s) on the dynamics of the molecular ions has been investigated on ethylene and a few of its halogenated derivatives, e.g. on C 2 H 3 F [1], C 2 H 3 Cl [2] and C 2 H 3 Br [3] , but also on C 2 H 2 FCl (1,1-and 1,2-isomers) [4] , and more recently on 1,1-C 2 H 2 F 2 [5] using vacuum ultraviolet (VUV) photoabsorption and photoelectron spectroscopies. The ionization and dissociation dynamics were investigated by photoionization mass spectrometry and photoelectron-photoion coincidence spectroscopy. Ab initio quantum chemical calculations were applied to support the different aspects of the interpretation of the numerous experimental results.
To our knowledge the earliest VUV photoabsorption work on the 1,1-C 2 H 2 FCl molecule has been reported by Scott and Russell [6] together with two other fluorochloro-substituted ethylenes. This study was restricted to the 1200-2200 (5.635-10.332 eV) spectral range. A classification of the Rydberg transitions and their vibrational analysis has been proposed.
Tornow et al. [4] have investigated the three isomers of C 2 H 2 FCl between 6.0 and 13.0 eV by lowresolution VUV photoabsorption spectroscopy using synchrotron radiation as a light source. The observed transitions have been assigned to valence-valence and valence-Rydberg transitions. For a few Rydberg states, the vibrational structure could be observed and has been analyzed. In addition, the HeI (21.22 eV) and NeI (16.67-16 .85 eV) photoelectron spectra of these compounds have been measured. The successive ionization energies have been interpreted with the help of MNDO calculations. Assignments of the observed vibrational structure have been reported.
The VUV photoabsorption spectroscopic data reported in the literature on 1,1-C 2 H 2 FCl remain very scarce. The present paper reports on the VUV photoabsorption spectrum (PAS) of the 1,1-C 2 H 2 FCl molecular system obtained at higher resolution in the 5.0-15.0 eV spectral region. Interpretation and assignments of several additional spectral features are supported by ab initio quantum chemical calculations.
Experimental

Experimental set-up
The experimental set-ups used in this work have already been described in detail previously [1, 3] . Only the most salient features will be reported here. Furthermore, three monochromators were available in the laboratory and at the BESSY synchrotron radiation facilities.
Synchrotron radiation available from the BESSY I facility (Berlin, Germany) was dispersed with a modified VUV normal incidence 225 McPherson monochromator with a focal length of 1.5 m, instead of 1 m in the commercial version (1m-NIM-2 beam line). A laminar Zeiss grating is used for the efficient reduction of the second spectral order. It is gold coated with 1200 lines mm -1 and its transmission breaks down above 26 eV (210,000 cm -1 or 48 nm). The width of the entrance and exit slits of 100 µm ensures a 0.1-nm wavelength resolution corresponding to a resolving power of about 1200 at 10 eV (124 nm). This monochromator has been used for recording the low-resolution absolute photoabsorption spectra in the 5-13 eV photon energy range [4] .
In the laboratory, a commercial version of the 1m-NIM 225 McPherson monochromator is equipped with an Al grating of 1200 lines mm -1 . The light source is a commercial Ophthos Kr-microwave discharge lamp allowing us to scan between 125 nm (9.92 eV) and 165 nm (7.51 eV). The slit widths were adjusted at 25-50 µm providing a 0.02-nm wavelength resolution corresponding to a resolving power of about 5000 at 10 eV.
The 3m-NIM monochromator at the 3m-NIM2 beam line at BESSY II (Berlin, Germany) is positioned at a bending magnet front end. It is equipped with two spherical gratings, i.e. an Al/MgF 2 grating of 600 lines mm -1 and a Pt grating of 2400 lines mm -1 . The entrance and exit slits were adjusted between 10 and 40 µm leading to a resolving power of about 25,000-13,000 at 10 eV photon energy. This monochromator was used for recording high-resolution spectra. Most of the spectra discussed in the present work were measured with 40-µm entrance and 10-µm exit slits, using the 600-lines mm -1 Al/MgF 2 grating.
In all the set-ups described above, the light has to travel through a 1-mm thick stainless steel microchannel plate located at the exit slit of the monochromator, in order to maintain a differential pressure of 1:1000, before entering a 30-cm long stainless steel absorption cell. The vapor pressure in the cell is measured by a Balzers capacitor manometer. The light is detected by a sodium salicylate sensitized photomultiplier located at the end of the absorption cell and in front of the absorption cell entrance slit. Output pulses are recorded by a 100-MHz counter. The recording of an absorption spectrum requires one scan with gas in the absorption cell and one with the evacuated cell. The stability of the synchrotron radiation and of the pressure in the cell ensured reliable absorption data. If necessary, the spectra presented in the following sections were corrected for any pressure drift.
Two different samples of 1,1-C 2 H 2 FCl have been used. A first sample was prepared in the laboratory as described earlier [4] with a 99.9% gas chromatographic purity and a boiling point of -24°C. The commercially available 1,1-C 2 H 2 FCl, purchased from ABCR GmbH and of 98% purity, was used without further purification.
Data handling and error estimation
As will be mentioned in the next sections, weak sharp peaks and diffuse structures are often superimposed on a strong continuum. To make the characterization of these features easier, a continuum subtraction procedure has been applied. The mathematical background of this digital data processing method has been set out in detail by Carbonneau et al. [7] , Marchand [8] and Marmet [9] . The parameters of this filter have been evaluated by Morawski [10] . This digital filtering by 'straightening through smoothing' [8] was first applied to a large number of atomic and molecular spectra excited by electron impact [11] [12] [13] . Later, its application has been extended to e.g. photoionization mass spectrometry [14] , photoelectron [15] and photoabsorption [5] spectroscopy. Briefly, for this purpose, the experimental curve is strongly smoothed to simulate the underlying continuum which is then subtracted from the original spectrum. The smoothing procedure consists of filtering the experimental curve by fast Fourier transform (FFT). The weak features then emerge from a remaining strongly attenuated background. The resulting diagram will be called plot in the forthcoming sections. To verify that no weak structure has been removed by this operation, the same procedure is applied to the subtracted continuum. The resulting residue is a signal oscillating around zero with about two orders of magnitude lower amplitude.
The wavelength calibration of the 1.5m-NIM and 3m-NIM monochromators has been performed by using the Ar absorption spectrum between the 2 P 3/2 and the 2 P 1/2 ionic states. The accuracy of this calibration is better than 2 meV. In the measurements between 5 and 15 eV photon energy, the PAS has been recorded with energy steps of about 10 meV. The uncertainty on the energy position of a feature is estimated to be 6 meV. In the photoabsorption spectra recorded between 6 and 10 eV and between 9 and 15 eV, an energy increment of 1 meV has been adopted. The uncertainty on the energy position of a feature is estimated to be of the order of 3 meV. This evaluation is confirmed by the reproducibility of energy positions measured in different spectra recorded over several years.
Experimental results
The VUV PAS of 1,1-C 2 H 2 FCl as measured between 5 and 15 eV photon energy (with 10-meV increments) with the 3m-NIM monochromator is shown in Figure 1 . The good control of the experimental parameters allows us to display the spectrum in terms of the molecular extinction coefficient ε hυ as a function of the photon energy (eV). For comparison, the VUV PAS of the same compound as obtained earlier [4] , but at lower resolution and slightly shifted on the ε hv scale, is shown in the same figure. The gain in resolution is obvious but the extinction coefficient is significantly larger for the high energy part of the spectrum. A continuous dotted (red) line drawn through the spectrum shows the underlying continuum obtained by FFT smoothing. Vertical lines indicate the valence (V) and Rydberg (R) transition energies. Their energy positions are listed in Table 1 and compared with previous results [4, 6] .
In contrast with our observations in the 1,1-C 2 H 2 F 2 VUV-PAS [5] , Figure 1 clearly shows a regular fine structure spread over the whole photon energy range investigated in this work. 
Ab initio calculations: methods and results
Computational tools
All the calculations were performed with the Gaussian 09 programme [17] . The basis set used for all the calculations is aug-cc-pVDZ [18] , containing polarization as well as diffuse functions. Some calculations were also performed without diffuse functions (basic cc-pVDZ).
The geometry optimization of the neutral ground state has been performed at the CCSD(FC) [19, 20] , M06-2X(DFT) [21] , PBEO(DFT) [22] and SAC-CI [23] levels in order to determine the vertical excitation energies for the low-lying excited states within different frameworks and cross-check them. The PBEO functional was already recognized as well suited for describing low-lying Rydberg and valence excited states [24] , and the M06-2X functional is a new functional generally considered as providing very satisfactory agreement on thermodynamical properties. A geometry optimization of the first three excited states was performed at the UM06-2X and TDDFT [25] levels. The ground-state vibrational wave numbers were determined at the M06-2X level.
The geometry optimization of the cationic ground state and of the first two excited and states was performed at the M06-2X ( and states) and TDDFT ( state) level. The molecular orbital configuration of 1,1-C 2 H 2 FCl in the C s symmetry group is described by where the 1a' and 2a' are the first outer valence shell orbitals. The 3a" MO has a π character. Table 1 . Energy positions (eV), wave numbers (cm -1 ) (in brackets) and assignments proposed for valence and Rydberg transitions in the vacuum UV PAS of 1,1-C 2 H 2 FCl between 5.0 and 15 eV Comparison is made with the results and assignments of [4, 6] . Conversion factor 1 eV = 8065.545 cm -1 [16] . 
Results of the calculations
The results of the geometry optimization are presented in Table 2 , according to the numbering shown in the same table.
In the literature, the calculation level which is considered as the most accurate is CCSD(FC). However, the M06-2X is also recognized as a very good functional.
The wave numbers calculated for the vibrational normal modes represented in Figure 2 for the neutral ground state are listed in Table 3 . In Table 4 , the wave numbers related to the cationic ground and first two excited states are displayed. For the two excited states of the cation, a few vibrational modes are differing from the ground state of the ion. The ordering of the vibrational normal modes presented in this work follows the rules of nomenclature as proposed by Mulliken and Herzberg [26, 27] . Experimental infrared [28, 29] and Raman [30] spectroscopic results related to the neutral ground state are listed in Table 3 for comparison.
The vertical excitation energies to several valence states are presented in Table 5 at three calculation levels, all within the aug-cc-pVDZ basis set. For the first five excited states, all the calculation levels agree about the ordering of the states. It is therefore very likely that the three states around 7 eV are superimposed. From the two DFT calculations, the first two states are strongly mixed preventing to obtain an optimized geometry for the second excited state at the PBE0 level. Since this level provides good descriptions of low-lying Rydberg and valence states [25] , these results can be considered as confirming the results of the M06-2X level [24] as well. It has to be pointed out that the excited valence σ* MO, which is antibonding on the C-Cl bond is strongly mixed with a Rydberg 4d MO. Such Rydberg-valence interactions involving σ* antibonding orbital and the associated 'rydbergisation' phenomenon have been recently reviewed [31] .
To check this ordering of the excited states and the valence character of the [σ* + 4d] state, the first vertical excitation energies were also determined at the TDDFT/M06-2X level using a basis set without diffuse functions, i.e. cc-pVDZ basis set (see Table 5 ). These results suggest that a valence π→σ* and a Rydberg π →3s transitions should be below or close to the π→π* transition. 
The optimized geometries of the first three excited states are displayed in Table 6 together with the corresponding adiabatic excitation energies.
The optimized geometry of the first excited state is characterized by a very large C-Cl bond length, very likely related to the antibonding character of the MO populated by the excitation. The 3s-like Rydberg orbital does not show this feature, but the [σ* + 4d] MO involved in the excitation of the first two states does. The first excited state, showing a mixed character at the vertical excitation energy, is adiabatically correlated with the [σ* + 4d] state. This state exhibiting a dissociative character, its excitation would produce a broad continuous band. The second state, correlating with the 3s Rydberg state, has to be observed but owing to its closeness with the π* state, the experimental determination of the adiabatic ionization energies is expected to be difficult. A schematic representation of the situation described by the present calculations is displayed in Figure 3 .
Analysis of the experimental data and discussion.
We also measured the HeI-PES [4] and the threshold photoelectron spectrum (TPES) of 1,1-C 2 H 2 FCl, which will be reported in a forthcoming publication [32] . The first adiabatic ionization energy IE ad (1,1-C 2 H 2 FCl + 2 A") is equal to 10.024 ± 0.003 eV [4] or 10.018 ± 0.007 eV [32] . The corresponding vertical value is equal to 10.201 ± 0.003 eV [4] or 10.198 ± 0.007 eV [32] . The first excited state of the cation exhibits an extended vibrational structure starting at = 12.236 ± 0.003 eV [4] or 12.238 ± 0.007 eV [32] . The corresponding vertical values are = 12.368 ± 0.003 eV [4] and 12.428 ± 0.007 eV [32] . This latter discrepancy corresponds to one vibrational quantum. Table 3 . Vibrational wave numbers of the neutral ground state as calculated at the BLYP, B3LYP and M06-2X levels using the aug-cc-pVDZ basis set. The recommended scaling factors are given in parentheses. Comparison is made with experimental values obtained by IR [28, 29] and Raman [30] spectroscopy.
Wave numbers (cm-1) Experiment Theory [28] [ [32] .
In the absence of any prior information on the extent of possible Rydberg-Rydberg interactions, a first zero-order assignment of the spectral lines will be attempted fitting the simple Rydberg formula (1) for the positions in energy E Ryd of the successive features: where R is the Rydberg constant (R = 13.6057 eV) [16] , δ is the quantum defect, n* is the effective quantum number and IE is the convergence limit of the considered Rydberg series. The successive ionization energies IE to be used in this work have been defined earlier in this section and are inserted in Figure 1 . The fine structure observed in the spectrum will be assigned mainly to vibrational excitation associated with the successive Rydberg series rather than to Rydberg states with high principal quantum number n. In the former case, the intensity distribution follows the Franck-Condon distribution whereas in the latter the intensity follows the n -3 law. Robin [34] made an extensive and critical review of the analyses of Rydberg transitions and proposed rules and guidelines for assignments. 
The transitions in the 6.0-8.0 spectral region (see Figures 4 and 5)
The typical broadband of the ethylene derivatives has its maximum at 7.01 eV (56,540 cm -1 ) in 1,1-C 2 H 2 FCl. Contrarily to the observations made in the PAS of C 2 H 4 [1] and 1,1-C 2 H 2 F 2 [5] , the vibrational structure essentially consists of broad and diffuse peaks. On the high energy side of the major band several weak but sharp structures appear. The comparison of the same band in three different related compounds, i.e. C 2 H 4 [1], 1,1-C 2 H 2 F 2 [5] and 1,1-C 2 H 2 FCl, as investigated in the present work, is very informative as shown in Figure 4 , where the different contributions of valence and Rydberg transitions have been located. .
Comparing these three compounds, the peak maximum observed in the PAS of 1,1-C 2 H 2 FCl obviously shows a significant red shift of about 0.5 eV On the other hand the position of this maximum does not change significantly when the H atoms are substituted by one [1] or two F atoms [5] . However, the substitution of an F atom by a Cl atom seems to be crucial. This trend is confirmed by comparing the same spectral region in C 2 H 3 Cl [2] and C 2 H 3 Br [3] , as performed in [5] . Owing to the weakness and the diffuseness of the structures in the 7.01-eV band displayed in Figure  5 (a), the subtraction method described in Section 2.2 has been applied to disentangle its vibrational structure. The subtracted continuum (dotted (red) curve in Figure 5 (a)) is obtained by FFT smoothing of the band. The resulting plot is shown in Figure 5 (b). It obviously shows a structure starting at about 6.4 eV and most of the features clearly exhibit a doublet structure. The proposed assignment to vibrational progressions is displayed in Figure 5 (b). The intensity distribution of both progressions is bell shaped and is therefore related to the associated Franck-Condon factors, giving confidence in the proposed assignment.
As shown in Table 7 , a first vibrational progression starts at 6.398 eV and extends at least up to υ + 6 with an average hcω = 175 ± 6 meV (1410 ± 50 cm -1 ). A second vibrational progression starts at 6.645 eV with at least seven vibrational levels with an average wave number ω = 1410 ± 80 cm -1 (175 ± 10 meV), too. The assignment of these transitions to the π(3a")→3s(R)( 1 A") and the π(3a")→π*(4a")( 1 A') next electronic states is discussed below. For both states we assign the wave number of 1410 cm -1 to the vibration (see Figure 2 and Table 4 ). This is consistent with the excitation of one electron from the bonding π(3a") orbital. The comparison of Table 2 and 6 shows that the π→3s and the π→π* states are both characterized by a large increase of the bond length.
The calculated adiabatic excitation energies (see Table 6 ) also show that the two states are expected to be very close in energy, in qualitative agreement with the experiment. The π(3a")→π * (4a") state is slightly higher in energy than the π(3a")→3s(R) state. This ordering is identical for the calculated vertical excitation energies at the SAC-CI and TDDFT levels (see Table 5 ). We therefore assign the transitions with the experimental (adiabatic) excitation energy at 6.398 eV to π(3a")→3s(R) (which is perturbed by its interaction with π(3a")→ [σ * + 4d]). The calculated adiabatic energy is indeed very close, i.e. 6.37 eV (see Table 6 ). The transitions starting at an experimental adiabatic energy of 6.645 eV are then assigned to π(3a")→π * (4a"), for which the calculated adiabatic energy is in the 6.42-6.47 eV range. Table 5 . Vertical excitation energies (eV) of neutral states of 1,1-C 2 H 2 FCl obtained at three computation levels.
All the results were obtained with the aug-cc-pVDZ basis sets. In parentheses are shown the results obtained with the cc-pVDZ basis set. The ground state electronic configuration is represented as staying for
The σ MO has a pronounced n(Cl) character. When two configurations are mentioned, the dominant one is reported first and the π i , notation designates the internal π orbital. The π(3a")→3s(R) electronic transition would then correspond to an effective quantum number n * = 1.95 (quantum defect δ = 1.05). This fairly low value of n * results most probably from the large coupling between the π(3a")→3s(R) and the π(3a")→[σ * + 4d] configurations. Such Rydberg-valence interactions between 3s orbitals and antibonding σ* valence orbitals lead frequently to a so-called rydbergisation along given dissociation pathways. This phenomenon has been observed in many different excited molecules with important consequences for their photochemical behaviour [31] . For explanation and discussion, see text (Section 5.1).
The other state resulting from this configuration interaction, which is denoted as 'π→[σ * + 4d], π→3s' in Table 5 is calculated at lower energy (see Table 6 and Figures 3 and 4) and is most probably repulsive. It is therefore not surprising that no vibrational progression could be observed in the corresponding energy range. At least a part of the subtracted continuum could be assigned to this state.
From this analysis based on the ab initio calculations, the π(3a")→3s Rydberg vertical transition energy is red shifted by about 0.4 eV with respect to C 2 H 4 by halogen substitution (in C 2 H 2 F 2 and C 2 H 2 FCl) (see Figure  4 ). As shown in the figure, the π(3a")→π * (4a")( 1 A') vertical transition exhibits a small blue shift of about 0.1 eV in C 2 H 2 F 2 and a large red shift in C 2 H 2 FCl, i.e. of about 0.6 eV.
The wave number of 1410 cm -1 for ν 3 (see Figure 2 ) as determined in the present work can readily be compared with the value of 1350 cm -1 measured by Scott and Russell [6] . The major difference in the interpretation of the band at 7.01 eV between Scott and Russell [6] and the present work is that in the former the entire band is assigned to the π →π * transition only. The vibrational structure is therefore accounted for by two vibrational wave numbers of about 1350 and 530 cm -1 assigned to and C-Cl stretching vibrations, respectively [6] . However, considering the intensity distribution pattern of the vibrational structures as observed in Figure 5 (b), progressions of two different electronic states are more probable.
The transitions in the 7.8-10.4 eV spectral region (Figures 6 and 7)
Part of this spectral region is shown in Figure 6 and exhibits an abundant structure superimposed on a weak continuum with a maximum measured at about 8.45 eV (68,154 cm -1 ) in the present work (see Figure 1 and Table 1 ). This latter feature was assigned earlier to the n(Cl)→σ * (C-Cl) valence transition [4] . Furthermore, a n(Cl)→π * was expected at 9.27 eV [4] . The present calculations predict a quite more complex situation as it is shown in Table 5 . Figure 6 . High-resolution VUV photoabsorption spectrum of 1,1-C 2 H 2 FCl between 7.5 and 10 eV photon energy obtained in the laboratory using the 1m-NIM monochromator and a discharge lamp (red line) and at BESSY using a 3m-NIM monochromator dispersing synchrotron radiation. The two spectra are slightly shifted on the y-scale for clarity.
At the TDDFT level, a σ→π * transition (the σ MO has a n(Cl) character) is predicted around 8 eV, slightly below the σ→[σ * + 4d] transition calculated at ~8.30 eV According to the same calculations, several valence excited and Rydberg states lay close together and will very likely overlap in this region (see Table 5 ). Figure 6 also shows the comparison between the PAS measured using the lm-NIM at medium resolution and the 3m-NIM at higher resolution. This latter spectrum has been handled by the subtraction procedure (see Section 2.2) and the result is shown in Figure 7 (a)-(c). All narrow and sharp features observed in this spectral region are assigned to transitions to Rydberg states which belong to series converging to ionization energy limits associated with the different vibrational levels of a common electronic state, i.e. the ionic ground state. Figure1 and Table 1 show the energy positions of the observed vibrationless Rydberg transitions.
To assign the observed spectral features, we assumed as already mentioned that the Rydberg formula is valid. Any significant perturbation due to Rydberg-Rydberg couplings is expected to induce repulsion of the zero-order energies and should be detected as poor quality fits to the Rydberg formula. In addition, in the absence of coupling between Rydberg series, the quantum defect has typical values which are characteristic of the angular momentum of the Rydberg orbital. When couplings are turned on, these values are perturbed. Such a situation already appeared in some of our previous investigations, where we could then highlight and quantitatively analyze transition between Hund's coupling cases [33] . The quantum defects are therefore important information. Consistent with our first zero-order hypothesis, we assume also that the vibrational structure within a transition to a given Rydberg state should be close to that of the cationic state to which the Rydberg series converges [34] . This argument involves constraints on both the energy and the intensity distribution. Here again, any discrepancy in the fits should be identified as a possible vibronic interaction. We emphasize that this procedure has been used successfully for the analysis of the VUV spectra of C 2 H 3 F [1] and 1,1-C 2 H 2 F 2 [5] .
The 3a"→ns (n > 4) Rydberg transitions are observed up to n = 8 with an average quantum defect δ = 0.97 ± 0.02 compared to 0.90 observed previously [4] . This is a typical value for an ns series. In the present photon energy range, at least the transitions corresponding to n = 4 and n = 5 are characterized by vibrational progressions. The energy values listed in Table 1 correspond to adiabatic excitation energies.
The vertical bars in Figure 7 and the data listed in Table 8 show our assignments of the structures to vibrational progressions as obtained by the comparison of the HeI-PES to the plot of the PAS. By this procedure, three vibrational normal modes are identified for the 3a"→4s transition and characterized by the wave numbers ω A = 1420 ± 50 cm -1 (176 ± 6 meV), ω B = 740 ± 20 cm -1 (92 ± 2 meV) and ω c = 395 ± 40 cm -1 (49 ± 5 meV). In the HeI-PES of the ionic state [4] , the wave numbers of 1400 ± 40 cm -1 , 720 ± 10 cm -1 and 380 ± 20 cm -1 were determined. By quantum chemical calculations (see Table 4 ), a' vibrational normal modes (see Figure 2 ) are predicted for ν 3 at 1479 cm -1 ( stretching), ν 7 at 746 cm -1 (C-Cl stretching and H rocking) and ν 9 at 350 cm -1 (H rocking and C-F stretching). The good agreement between observed and predicted values gives us confidence in an assignment of the observed wave numbers ω A to ν 3 ω B to ν 7 and ω C to ν 9 vibrational normal modes. In addition, the intensity ratios observed are similar to those of the photoelectron band. The adiabatic excitation energy of the 3a"→5s Rydberg transition is observed at 9.186 eV. In this region, the spectrum becomes fairly too crowded. The short progression observed has been tentatively interpreted assuming the excitation of the same modes as for the 3a"→4s transition. Two wave numbers are identified at 1440 ± 20 cm -1 (179 ± 3 meV) and 660 ± 60 cm -1 (82 ± 8 meV). The first one corresponds very well to ω 3 whereas the second one is not incompatible with ω 7 .
For the 3a"→np Rydberg (n = 3-6 or 8) transitions, two different quantum defects are obtained and their average values are δ(npσ) = 0.63 ± 0.04 and δ(npπ) = 0.40 ± 0.04. The dispersion of the quantum defect along the experimentally observable members of the series is fairly narrow. This should point towards the validity of the Rydberg formula and thus towards limited interstate couplings. To be rigorous on a symmetry basis (C s point group), the npσ and npπ orbitals should be denoted as npa' and npa", respectively. However, if we assume that the molecular ion field is nearly cylindrical, i.e. diatomic like, it makes sense to use the σ, π, δ nomenclature. On this basis, the observed transitions are classified as shown in Table 1 . In our earlier work [4] on the same system, δ values of 0.62 and 0.40 have been obtained. Similar observations have been reported in the study of the VUV spectrum of 1,1-C 2 H 2 F 2 [5] . In this latter case, the 3pσ-3pπ energy splitting is 183 meV whereas this quantity becomes 404 meV in the present molecular system. This observation is not unexpected. The 3pσ-3pπ splitting results from the non-spherical nature of the molecular field which is obviously more severe for the C 2 H 2 FCl molecule. Clearly, the npσ transitions are observed up to n = 6, whereas the npπ transitions appear up to n = 8. As will be discussed later in this section, a transition observed at 9.920 eV could likely be assigned to the 12pπ Rydberg state and characterized by δ = 0.451.
Vibrational progressions could be identified for the 3pσ, 3pπ and 4pπ Rydberg states. These are displayed in Figure 7 and the energies are listed in Table 8 . For some spectral features, no clear unique assignment could be provided. In these cases, the energy values have been put in square brackets and possible tentative assignments have been suggested but the interpretation is, in such cases, clearly much less reliable. The intensity of overlapping transitions is accounted for by considering the sum of the individual contributions. For the 3pσ and 3pπ Rydberg states, well-defined progressions are observed and three different wave numbers can be inferred i.e. ω 3 = 1450 ± 20 cm -1 (180 ± 3 meV), ω 7 = 650 ± 60 cm -1 (81 ± 7 meV) and ω 9 = 360 ± 30 cm -1 (45 ± 4 meV) for the 3pσ Rydberg state; and ω 3 = 1390 ± 30 cm -1 (172 ± 4 meV), ω 7 = 670 ± 20 cm -1 (83 ± 3 meV) and ω 9 = 330 ± 120 cm -1 (41 ± 15 meV) for the 3pπ Rydberg state. The present measurements agree, but with a higher accuracy, with the observations reported earlier [4] , i.e. with a vibrational spacing ranging from 1380 to 1460 cm -1 and a low energy spacing of 320 cm -1 in the 3pσ Rydberg state. However, for ω 7 , the agreement with the theoretical predictions (see Table 4 ) is not as satisfactory, so that this assignment can be questioned. Table 8 . Positions in energy (eV), corresponding wave numbers (cm -1 ) and assignments proposed in the present work for the structures in the vacuum UV photoabsorption spectrum of 1,1-C 2 H 2 FCl in the 7.8-10.4 eV spectral region. In the fourth column, the average values of the energy and the wave numbers associated with the observed vibrational mode are indicated. Conversion factor: 1 eV = 8065.545 cm -1 [16] . Energy positions assigned to two or more transitions are given in square brackets.
At the end of the energy range considered in this section, weak but fairly sharp and close features are observed up from 9.920 eV (see Figure 7 (c) and Table 8 ). These structures could be assigned to vibrational progressions where ω 3 = 1410 ± 56 cm -1 (175 ± 7 meV), ω 7 = 780 ± 80 cm -1 (97 ± 10 meV) and ω 9 403 cm -1 (50 meV). Assuming the adiabatic excitation to be at 9.920 eV, an effective quantum number n * = 11.549 is obtained and the transition is therefore assigned to 3a"→ 12pπ.
Compared to our earlier investigation [4] , owing to the better resolution achieved in the present work, many sharp and very narrow features (about 5 meV full width half maximum [FWHM] at 9.7 eV) can be observed. Several 3a"→nd Rydberg transitions are observed. They have been classified on the basis of their respective quantum defects. As for the np series, at least two from the three nd series are likely to be observed i.e. an ndσ series with δ = 0.13 ± 0.03 and an ndπ series with δ = -0.11 ± 0.02. Both series are observed up to n = 6 or 7. However, for the higher n values, nd and ns states are very close in energy and are expected to interact more or less strongly. In our earlier work, only one quantum defect value of 0.12 could be obtained [4] . A similar situation has been observed in the VUV PAS of 1,1-C 2 H 2 F 2 [5] , where the energy difference between 3dσ and 3dπ is 109 meV. This splitting becomes 390 meV in the present 1,1-C 2 H 2 FCl molecular system. The propensity of an increase of the σ-π splitting with the increase of the atomic number of the substituent was already observed for the npσ-and npπ-Rydberg series. However, simultaneously, the symmetry lowering of the molecular system resulting from the chemical substitution breaks the spherical symmetry and induces an increase of the energy spacing between states differing by the projection of their orbital angular momentum. From 9.151 eV upwards, closely lying very narrow doublets are observed. The first doublet corresponds to 9.151 and 9.166 eV (see Table 8 ). Using an average adiabatic excitation energy of 9.158 eV and IE ad = 10.024 eV, an effective quantum number n * = 3.963 and a quantum defect δ = 0.047 are obtained indicating that we are likely dealing with 3a"→4d Rydberg transition.
As a further proposal, these signals are classified into two different vibrational progressions likely corresponding to two 4d-Rydberg transitions separated by a constant splitting of 145 ± 20 cm -1 (18 ± 2 meV) and characterized by quantum defects δ = 0.052 and δ = 0.018, successively. Both components of this doublet exhibit a vibrational structure very clearly consisting of the wave numbers ω 3 = 1450 ± 20 cm -1 (180 ± 2 meV), ω 7 = 750 ± 8cm -1 (93 ± 1 meV) and ω 9 = 480 ± 60 cm -1 (59 ± 8 meV). This doublet could be assigned to 4dπ/4dδ Rydberg transitions characterized by small quantum defects. The core containing less π-and δ-type orbitals than σ orbitals is expected to interact less with π and δ Rydberg orbitals than with σ ones. They should therefore be characterized by smaller quantum defects. Table 8 and Figure 7 show the proposed vibrational analysis pertaining to 7s/6d and 8s/7d Rydberg states. For these states, the vibrational structure consists of the three following wave numbers: ω 3 = 1390 ± 60 cm -1 (173 ± 7 meV) and 1440 ± 30 cm -1 (178 ± 4 meV), ω 7 = 750 ± 80cm -1 (93 ± 10 meV) and 730 ± 20 cm -1 (91 ± 3 meV) and ω 9 = 480 ± 40 cm -1 (60 ± 5 meV) and 370 ± 20 cm -1 (46 ± 2 meV). Once again, we find very consistently the presence of the same modes as for the other Rydberg series. However, here, the excitation of the ω 9 mode in the 7s/6d state is questionable.
The transitions in the 10.4-12.5 eV spectral region (Figure 8)
As shown in Figure 1 , this part of the spectrum exhibits two quite characteristic parts: (1) a broad and strong continuum underlying quite diffuse, very weak structures and (2) a very regular series of sharp but weak structures superimposed on a strong continuum.
Concerning the continua, their maximum can be measured on the FFT smoothed spectrum shown in Figure 1 , i.e. at 10.93 eV (88,160 cm -1 ) and at 11.70 eV (94,450 cm -1 ), successively. The absorption at 10.93 eV has been assigned to the σ CH →π * or n F →σ * transitions [4] . The continuum at 11.70 eV was assigned to an n F/σCH →3p Rydberg transition as predicted at 11.8 eV [4] . The narrow features between 11.4 and 12.4 eV have not been analyzed in our earlier work. To allow us to perform a more detailed analysis of this spectral region the subtraction method has been applied (see section 2.2). The plot provided by this procedure is shown in Figure  8 The Rydberg series observed in this energy range has to converge to excited electronic states of the 1,1-C 2 H 2 FCl + cation. The first excited state has been detected at 12.236 eV by HeI-PES [4] . This state is characterized by a long vibrational progression with a small wave number ω = 520 ± 30 cm -1 . Very few Rydberg series converging to this ionization limit are actually observed. Those observed in the present spectrum are listed in Table 1 .
In our earlier work, only the 9a'→ns transitions were mentioned [4] . In the present higher resolution work, the analysis also reveals additional series which could be assigned to transitions to np and nd Rydberg states. Their vibrational analysis allowed us to observe mainly 9a'→np type Rydberg transitions.
The lowest member of the 9a'→ns Rydberg series is predicted to be close to 9.15 eV, i.e. at about the same energy as the 3a"→4dσ transition (see Section 5.2). The vibrational analysis strongly suggests the latter assignment. Very likely the 9a'→3s Rydberg transition could be hidden in the 9.27-eV continuum. The two higher members of the ns series, exhibiting a vibrational progression, could be characterized by an average quantum defect δ = 0.87 ± 0.03. This value has to be compared with δ = 0.90 as determined earlier [4] .
A longer Rydberg series is observed up to n = 7 with an average quantum defect δ = 0.46 ± 0.06 which suggests a 9a'→np assignment. Two additional members of a series are observed with their vibrational structure and correspond to an average quantum number of 0.06 ± 0.04. This suggests an assignment to an nd series. Above 10.2 eV, the extinction coefficient sharply increases and peaks at about 10.8 eV (see Figure 1 ). In a term scheme based on experimental data, valence-valence excitation energies were predicted at 10.5 and 10.8 eV and assigned to n F →σ * C-Cl and π * transitions, respectively [4] . Superimposed on this strong feature, several very weak structures are observed. Above 11.0 eV the structure becomes stronger. In spite of their weakness and diffuseness, an analysis and assignments have been attempted. The plot in this energy range shows fairly clearly a vibrational structure for which several peaks seem to have a doublet structure. Using the HeI-PES data related to the band [4] as a reference, the 10.5-11.1 eV region could be decomposed into three vibrational progressions. The energy positions are listed in Table 9 .
Starting at 10.534 eV, a vibrational progression of a single wave number is observed. A second progression with about the same vibrational spacing starts likely at 10.626 eV Using these two excitation energies and 12.236 eV as convergence limit, effective quantum numbers n * = 2.83 and 2.91 are obtained. The latter value being close to that expected for a 9a'→3d type Rydberg transition, the former excitation energy at 10.534 eV is then assigned to a valence transition. Based on a qualitative simulation using the PES data information, a weak 9a'→4s Rydberg transition is very likely involved at 10.838 eV Owing to the crowding of the spectrum in this range only four vibrational spacing could be detected.
As mentioned in the fourth column of Table 9 , the vibrational wave numbers deduced for the valenceto-valence transition and for the 9a'→3d and 9a'→4s Rydberg transitions are surprisingly quite similar, i.e. around 500 cm -1 . The wave numbers characterizing the 12 vibrational normal modes of the state of the 1,1-C 2 H 2 FCl + have been predicted by quantum chemical calculations (see Table 4 ). A normal mode corresponding to the stretching vibration of C-Cl combined with the F-CC and Cl-CC bending motions (v 7 ) has been calculated at 492 cm -1 , in good agreement with the values determined for the valence-valence and valence-Rydberg transitions. Furthermore, with respect to the neutral ground state, the predicted geometry of the state (see Table 2 ) shows a strong decrease of the C-F and a very strong increase of the C-Cl bond length. The F-CC and Cl-CC bond angles also undergo strong modifications. These results point to the likelihood of the above assignment. Unfortunately, no such information is available for the valence σ * state.
The extensive structure observed from 11.1 to 12.4 eV has been analyzed in detail by the same procedure as described above. The HeI-PES band of the cation state has been used as a reference. The result of the analysis is shown in Figure 8 (b) and 8(c) and the energy positions are listed in Table 9 .
The entire spectral region could be accounted for by a series of Rydberg transitions characterized by their effective quantum number n * as listed in Table 9 . The successive adiabatic excitation energies are identified as well as the vibrational progressions, each consisting of a unique wave number which is observed in all states at an average of 515 ± 15 cm -1 (64 ± 2 meV). It is assigned to the v 7 normal mode (see Table 4 ). Table 9 . Energy positions (eV), corresponding wave numbers (cm -1 ) and assignments proposed in the present work for the structures in the vacuum UV photoabsorption spectrum of 1,1-C 2 H 2 FCl in the 10.4-12.5 eV spectral region. In the fourth column, the averaged values of the energy and the wave numbers associated with the observed vibrational modes are indicated. Conversion factor: 1 eV = 8065.545 cm -1 [16] . Energy positions assigned to two or more transitions are given in square brackets.
All our analyses have been performed using zero-order formula and based on ab initio calculations, as discussed in the first part of Section 5. We were not able to identify couplings which would result in energy perturbations exceeding the experimental uncertainties. A higher resolution is probably required for this purpose.
In addition, in the present spectra, no unexplained doublet appears, so that there is no indication that spin-orbit coupling might play a role. This is not unexpected since, first of all, all detected Rydberg states presumably are singlet states. Despite the presence of a chlorine atom, the spin-conserving rule is expected to remain a strong propensity rule in electronic transitions. Therefore, singlet-triplet transitions, if any, are expected to be very weak. Second, as the C 2 H 2 FCl molecule and its cation belong to the C s point group, the cation electronic states to which the Rydberg states converge are non-degenerate, and therefore, possess no electronic orbital angular momentum. The angular momentum associated with the rotational motion is expected to bring about only very small splitting of the spin states, in any case not detectable under our experimental resolution conditions.
Conclusions
The measurement of the VUV PAS of 1,1-C 2 H 2 FCl at higher resolution by using synchrotron radiation enabled us to re-examine in greater detail the data from 5 to 15 eV photon energy. Valence-valence [π(3a.")→π * ] and valence-Rydberg [(π)3a"→3s] transitions are involved at the low-energy end of the spectrum, i.e. between 6 and 7.5 eV Interactions with the σ * valence orbital and with the 4d Rydberg orbital are also highlighted. Quantum chemical calculation results are used to help the interpretation of this complex region. An assignment is proposed for the vibrational structure of both states. A comparison is made with previous interpretations proposed for the same type of transitions observed in C 2 H 4 [1] and 1,1-C 2 H 2 F 2 [5] .
In the 7.8-10.5 eV photon energy range, the abundant fine structure has been assigned to vibronic Rydberg transitions, i.e. 3a"→ns (n = 3-8), npσ and npπ (n = 3-6 and 3-8) and the three ndσ, ndπ and ndδ (n = 3-7 and 3-6). All involved Rydberg states belong to series which converge to the ionic ground state at 10.024 eV [4] . The vibrational structures associated with these transitions have been analyzed as based on the first band of the 1,1-C 2 H 2 FCl + HeI-PES results [4] . This procedure allowed us to assign the observed structure to three vibrational modes (and their harmonics and combination): v 3 ( and C-F stretching), v 7 (C-Cl stretching) and v 9 (F-CC and Cl-CC bending).
In the 10.5-12.5 eV spectral range, the structures have been assigned to Rydberg series converging to the second cationic state at 12.236 eV [4] . The detailed analyses allowed us to assign most of the features to vibrational excitation of the v 7 motion (C-Cl stretching combined with F-CC and Cl-CC bending) (Table 4 ).
